Mitochondria play a key role in the pathophysiology of post-injury inflammation. Cell-free mitochondrial DNA (cf-mtDNA) is now understood to catalyse sterile inflammation after trauma. Observations in trauma cohorts have identified high cfmtDNA in patients with systemic inflammatory response syndrome and multiple organ failure as well as following major surgery. The source of cf-mtDNA can be various cells affected by mechanical and hypoxic injury (passive mechanism) or induced by inflammatory mechanisms (active mechanism). Multiple forms of cf-mtDNA exist; mtDNA fragments, mtDNA in microparticles/vesicles and cell-free mitochondria. Trauma to cells that are rich in mitochondria are believed to release more cf-mtDNA. This review describes the current understanding of the mechanisms of cf-mtDNA release, its systemic effects and the potential therapeutic implications related to its modification. Although current understanding is insufficient to change trauma management, focussed research goals have been identified to pave the way for monitoring and manipulation of cf-mtDNA release and effects in trauma.
Introduction
Up until recently, practical clinicians have regarded DNA and mitochondria as intracellular structures, unrelated to the pathophysiology of trauma. We are now beginning to understand the impact of cell-free mitochondrial DNA (cfmtDNA) on post-traumatic inflammation. Cf-mtDNA are fragments of mitochondrial DNA within the extracellular space. In this review, we consider this to include exposed cf-mtDNA fragments, mitochondrial DNA (mtDNA) contained within vesicles and microparticles or extruded whole mitochondria. cf-mtDNA gained interest as a trigger of inflammation due to its similarity to bacterial DNA, its ability to stimulate innate immune responses through Toll-like receptor 9 (TLR-9) and its ability to induce tissue injury when injected in animal models [1, 2] . Numerous pathological states such as after trauma, cancer, mental illness and degenerative disease have been associated with measurable increases of plasma mtDNA [3] [4] [5] [6] [7] [8] [9] . The current hypothesis surrounding cf-mtDNA in trauma is that significantly severe trauma results in high concentrations of mtDNA release from tissues with subsequent uncontrolled inflammation and end-organ damage, with numerous studies reporting associations between cf-mtDNA and post-injury complications [4, 10, 11] . Given the myriad of pathophysiological processes occurring after traumatic injury, mtDNA could enter the circulation from a range of tissue types and via numerous mechanisms, some of which are due to the tissue injury itself, through post-injury inflammatory mechanisms or through interventions during their hospital stay. This review highlights both described and hypothetical sources of cf-mtDNA in the context of traumatic injury and subsequent patient management and highlights potential therapeutic strategies targeting mtDNA.
Mitochondria and mtDNA
Polytrauma is associated with a severe systemic inflammatory response, which can lead to organ dysfunction and failure. Here, mitochondria have been in the centre of attention for long time. The focus on mitochondria in shock, sepsis and organ failure-related catabolic states was obviously related to their ATP production and supply of energy to the high-demand post-injury state and inflamed organs. Traumatic shock resuscitation strategies were aimed at maximising oxygen delivery to optimise the oxygen consumption of the hypercatabolic state after severe injury. The goal is to prevent tissue hypoxia.
Mitochondria are often over-simplified as cellular energy generators. While carrying out oxidative phosphorylation, mitochondria also facilitate decomposition of reactive oxygen species (ROS), calcium homeostasis, thermoregulation and cell death amongst other functions [12, 13] . Our mitochondrial genome is uniquely and exclusively of maternal origin [14] .
It is imperative to recognise the bacterial origin of mitochondria to understand their immunogenic potential. The huge evolutionary step from prokaryotes to eukaryotes can be characterised by the energy production and the presence of mitochondria. The evolution and origin of eukaryotic cells is a debated topic but a very probable hypothesis is the fusion of the archaebacteria and ancient proteobacteria. In this symbiosis the archaebacterium became the energy centre of the proteobacterium and the new organism could be considered as the ancient protozoon. Having initially lived as a symbiont in eukaryotic cells, the mitochondrial genome gradually shrunk to the size of 16.5 kilobase pairs but retained its circular structure and abundant CpG motifs [12, 15] . The similarity to bacterial DNA is partly responsible for activating the immune system [16] , namely through TLR-9. MtDNA itself causes sepsis-like symptoms in SIRS in a similar manner to bacterial molecules and these phenomena are difficult to clinically differentiate. In addition to its DNA, mitochondria contain multiple damage-associated molecular patterns (DAMPs) which include cardiolipin, transcription factor A (TFAM), N-formyl-peptides, adenosine triphosphate (ATP) and cytochrome c [15, 17, 18] .
The mitochondrion consists of an outer phospholipid membrane containing nuclear-encoded proteins and a cardiolipin-rich and highly complex inner membrane where oxidative phosphorylation takes place. MtDNA is contained within the inner membrane of mitochondria and protected from contact with immune cells. MtDNA is tightly bound to and essentially coated in the aforementioned mtDAMP, TFAM [19] that packages mtDNA into nucleoid structures. The copy number of mitochondrial genomes per mitochondria varies with different tissue types and other factors such as age [20] and in diseases such as cancer [21] and has been reported between 2 and 10 copies per mitochondrion.
Not all cell types have equal mitochondrial content. Cells with high energy demands generally have higher mitochondrial content, although the direct evidence in this area, especially in human tissues is scarce. Tissue types known to have high mitochondrial content include skeletal muscle, smooth muscle, hepatocytes and renal tubular cells.
Typically, skeletal muscle cells contain approximately 5000 mitochondria per cell while platelets contain 4 mitochondria per cell. Conversely, erythrocytes contain no mitochondria [22] . It should be noted that in some cells/cell cycle stages, mitochondria can also exist as a continuous filamentous structure with the ability to fragment into smaller mitochondria [23] , so number is not necessarily a true indication of mitochondrial mass. This ideology suggests that trauma to skeletal muscle or liver releases more mtDNA than trauma to skin or bone.
Under physiologic conditions, cell turnover in the form of apoptosis does not result in release of free mtDNA into the extracellular space. Cell contents are normally packaged into apoptotic bodies that become phagocytosed without ever leaking directly into the extracellular space [12, 24] and, therefore, do not trigger immune responses. The process of mitophagy involves the breakdown of individual mitochondria due to nutrient deprivation (type I mitophagy) or mitochondrial damage (type II mitophagy). Here too, mtDNA and other mtDAMPs are not exposed to cytosolic pattern recognition receptors, but degraded safely within mitophagosomes. On the smaller scale, Type III mitophagy or micromitophagy involves mitochondria ridding themselves of damaged components (such as oxidised proteins) via packaging into vesicles, release into the cytosol and fusion with lysosomes [25] . Type III mitophagy is hypothesised to contribute to inflammation following trauma and is described later in this review ("Mitochondrial DNA: pathways to inflammation").
Natural history of cf-mtDNA release and its tissue origin
Most of our knowledge related to the presence of cf-mtDNA in clinical trauma scenarios is limited by the broad categorisation of "circulatory/plasma" concentrations. The true natural history of cf-mtDNA is hypothesised to vary with the nature of injury and speed of recovery. The hypothesis also sees increased cf-mtDNA associated with SIRS and normalisation of cf-mtDNA associated with subsequent clinical recovery. Associations between injury severity and concentration of plasma mtDNA have been observed in trauma cohorts; however, the data are not standardised and forming systematic conclusions is not possible. Plasma mtDNA has been detected as early as 20 min post-injury [26] . However, only two studies have performed serial measurements of plasma mtDNA. The observed patterns of cf-mtDNA release varied with McIlroy et al. showing early increase in concentration post-injury, transient reduction of concentration postsurgery, followed by gradual rise till Day 5 post-injury [27] . Yamanouchi et al., however, found an increase and rapid decrease in mtDNA concentration on day 1 post-injury with a lower plateau from days 2 till 5, however, still significantly elevated from control [28] .
The anatomical source of cf-mtDNA or its specific cellular/tissue origin in different post-injury scenarios is largely unknown. The large quantities and ever-increasing plasma concentrations after trauma or surgical interventions makes us hypothesise that mitochondria-rich cells or cells in abundancy at the site of injury produce them. Cells that migrate to sites of injury include PMN, platelets and stem cells. These cells can all release cf-mtDNA and are involved in mtDNA-initiated inflammation. It is plausible that tissue injury results in an immediate surge of cf-mtDNA into the extracellular space which results in secondary active release of cf-mtDNA by immune cells and platelets. This secondary active release of cf-mtDNA is thought to be independent of cell necrosis. This hypothesis supports the observations of McIlroy et al. of continued increase in plasma mtDNA concentration, days after injury, with no associated increase in cell necrosis markers.
Release of cf-mtDNA via cell necrosis in trauma and surgery
Cell necrosis represents the archetypal mode of mtDNA release that occurs with trauma. Tissue injury results in uncontrolled rupture of cell membranes and cell contents are spilled into the extracellular space [24, 29] . Along with mtDNA, numerous other DAMPs and ROS are released which damage neighbouring cells leading to more cell necrosis and mtDNA release [15, 18] . Theoretically, the concentration of mtDNA is highest at the site of injury where cf-mtDNA gradually drifts into capillaries and lymphatics to become circulating cf-mtDNA. Cells with higher mitochondrial content, when necrotised, naturally release more cfmtDNA. The more cf-mtDNA released, the more potential for pro-inflammatory activation. As seen in observational studies on trauma patients, cf-mtDNA concentration positively correlated with injury severity, incidence of systemic inflammatory response (SIRS) and mortality [11, 26, 30] .
Cf-mtDNA has been implicated in inflammation associated with ischaemia-reperfusion injury [2, 31] and furthermore, a study of myocardial ischaemia at a cellular and organ level demonstrated a positive correlation between cfmtDNA concentration and injury severity [32] . Zhang et al. demonstrated raised plasma mtDNA concentration in rats that underwent haemorrhagic shock and trauma [17] . This mtDNA concentration was raised throughout the 7 days of sampling. No studies have demonstrated the effect of isolated shock on cf-mtDNA. Strenuous exercise has also been shown to induce cf-mtDNA release. Stawksi et al. found increased cf-mtDNA immediately post-exercise; however, a decrease in cf-mtDNA baseline occurred with repeated exercise. The mechanism of this release is unclear.
Reperfusion of injured tissue is a delayed means of cfmtDNA reaching circulation after trauma. This hypothesis of extracellular accumulation of cf-mtDNA prior to its detection in circulation is also supported by the observation of Martinez-Quinones et al. in patients who underwent open abdominal surgery. Peritoneal lavage was associated with lower plasma mtDNA concentrations [33] . This demonstrates surgical reduction of extracellular mtDNA load prior to its entry into circulation and raises the possibility of timely mtDNA removal as a potential therapy.
Surgery can also increase cf-mtDNA release. Surgical intervention results in tissue injury with a resultant cfmtDNA surge. McIlroy et al. observed higher concentrations of plasma cf-mtDNA in patients who underwent major pelvic surgery compared to minimally invasive surgery [27] . Hauser et al. studied the content of femoral reamings and identified high quantities of mitochondrial DAMPs [34] . Likewise, Sandler et al. found elevated concentrations of mtDNA in patients following cardiopulmonary bypass surgery. Interestingly, the higher concentrations of mtDNA correlated with post-operative complications [35] .
Increased cf-mtDNA concentrations are also associated with turbulent blood flow through extracorporeal membrane oxygenation (ECMO) devices. Bynum et al. found increasing concentrations of cf-mtDNA with high flow rates and cycle durations of ECMO therapy. The exact mechanism of mtDNA release in this setting was not investigated. Turbulent flow may have resulted in activation of clotting cascades or lysis of cells [36, 37] . Similarly, endotracheal tube placement in surgery has been associated with higher concentrations of mtDNA in throat lavage fluid. Puyo et al. found a correlation between non-infected sore throat post-intubation and elevated throat lavage mtDNA concentration [38] .
These forms of mtDNA release are thought to represent uncontrolled mtDNA release from within mitochondria to the extracellular space by rupture of cell membranes from mechanical trauma. While this is clearly a major source of mtDNA post-injury, there are alternative sources of postinjury cf-mtDNA that can arise from active release from cells, which involve a more complex mechanism of first cytosolic then extracellular release (Fig. 1) .
Active release of MtDNA

Microparticles/vesicles
Active and passive mtDNA release are closely linked by ROS generation [12] . ROS are normally reduced by mitochondria but when excessive amounts accumulate, as occurs with severe tissue injury and passive cf-mtDNA release, mitochondria begin to swell and lyse. MtDNA do not have histones, unlike nuclear DNA, and in turn are susceptible to oxidative injury from ROS [39] . Oxidised mtDNA then accumulates in the cell cytosol [12, 40] and is packaged into microparticles to be extruded to favour cell survival [40] . Caielli et al. postulated that this phenomenon occurs when neutrophils are unable to degrade damaged mitochondria through mitophagy [40] . Cytosolic mtDNA accumulates and this has also been shown to trigger cell injury [41, 42] . This is likely a form of Type III mitophagy with formation of microparticles/vesicles.
Microparticles are small plasma membrane-encapsulated structures that are released from cells. They have been shown to contain mitochondrial elements including mtDNA [43] . The function of these released microparticles is not completely understood. Hepatocytes in patients with nonalcoholic steatohepatitis release oxidised mtDNA in microparticles which are engulfed by polymorphonuclear cells (PMNs). Intracellularly, they activate Toll-like receptor-9 (TLR9) and induce pro-inflammatory inflammasome production [44] .
Platelets are able to release microparticles containing functional mitochondria [22, 45, 46] . Boudreau et al. found high levels of cf-mtDNA in patients who developed transfusion reactions from platelet concentrates. In vitro, platelets were shown to release mitochondria in microparticles and as free mitochondria when activated with thrombin or immunoglobulin. The mitochondria served as substrates for co-secreted phospholipase A2. Upon digestion of the encapsulating membranes by phospholipase A2, cf-mtDNA was released into the extracellular space and induced inflammation [22] . This represents a mechanism of cellular mitochondrial exocytosis without necrosis.
Marcoux et al. followed on to investigate concentrations of cf-mtDNA in stored platelets. Platelet-rich plasma (PRP) was found to contain higher amounts of cf-mtDNA than buffy coat and apheresis platelet concentrates. Again the cf-mtDNA was in the form of mitochondria within microparticles and free [46] . These microparticles are pro-inflammatory as discovered by Mobarrez et al. who studied plasma from patients with active systemic lupus erythematosus. Inflammation correlated with observation of increased concentrations of circulating mitochondria within microparticles. Some microparticles were lined with immunoglobulins that activated inflammatory cascades, thus ultimately resulting in lysis of microparticles and release of cf-mtDNA [45] . These microparticles can also be engulfed by neutrophils to stimulate proinflammatory changes [22, 47] .
While there is ample evidence that cf-mtDNA is increased following injury and has associations with poor outcomes, the form of the cf-mtDNA, i.e. free, microparticle or mitochondria encapsulated has not been described for trauma patients. The clinical relevance of these potential forms of cf-mtDNA cannot be understated; post-injury platelet activation and transfusion of stored platelets represent likely candidates for cf-mtDNA generation beyond injury itself and a greater understanding of post-injury cf-mtDNA profile may lead to new therapeutic targets or changes to blood product processing with the view to reduce immunogenicity.
Active release: free mitochondrial exocytosis
As discussed above, platelets are able to excrete mitochondria as free organelles into the extracellular space [22, 46] . This feature is not exclusive to platelets. Maeda et al. demonstrated that cells release free mitochondria into the extracellular space when reacting to tumour necrosis alpha (TNFalpha) stimulation. This is a part of cell necroptosis and the released mitochondria triggers pro-inflammatory changes in immune cells [48] . Given TNF-alpha is also implicated in reperfusion injury, it is plausible that this phenomenon occurs with reperfusion injury.
Mesenchymal stem cells (MSCs) also release mitochondria when under oxidative stress. This is a survival tactic that allows mitophagy of damaged mitochondria to be outsourced to nearby macrophages. The free mitochondria may, however, trigger inflammation in the recipient macrophage [48, 49] . It is interesting to note that mircoRNA-containing exosomes were shown to be simultaneously released by MSCs under these conditions, acting to dampen TLR signalling when phagocytosed by recipient macrophages [49] . This suggests that given the appropriate co-signals, mtDAMPs are not always inflammatory and points to a therapeutic avenue for mircoRNA in post-injury hyperinflammation.
Active release: neutrophil extracellular traps
Cf-mtDNA can be released by immune cells in the form of NETs. Blood from trauma patients and in other disease states such as sepsis, cancer, and SLE has been shown to contain neutrophil extracellular traps (NETs) [27, 50] . NETs are web-like structures of chromatin from DNA with interspersed histone and protein granules that are released by neutrophils to trap bacteria. In a trauma setting, NETosis triggered by non-infectious factors such DAMPs or platelet activation is thought to contribute to sterile inflammation that culminates in SIRS and multiple organ failure (MOF). Remarkably, cf-mtDNA has been shown to stimulate formation of NETs themselves [51] . The potential for self-perpetuating inflammation arises.
We are aware of at least two modes of NET formation, one demonstrated by Brinkman et al. termed 'netosis' which involves the death of the neutrophil upon NET formation and the other demonstrated by Yousefi et al. which involve viable neutrophils producing NETs [52, 53] . The remarkable contrast between the two modes is the source of chromatin in each. NETs from viable neutrophils contain only mtDNA whereas netosis produces a mixture of nuclear and mitochondrial DNA webs [52, 53] . Within neutrophils there are approximately 500 copies of mtDNA, hence abundant mitochondrial chromatin for NET formation [54] .
Methods of measuring cf-mtDNA
Reliable measurement of cf-mtDNA is essential to its study and utilisation as a clinical tool. Current research is aimed at understanding the natural history of mtDNA release after trauma with the present understanding that mtDNA release occurs rapidly after injury. The study of mtDNA relies on being able to accurately determine mtDNA release with ample sensitivity and specificity in a time-sensitive manner. The ideal method of measurement is quick, accurate, precise and based on easy-to-obtain samples. Most research is based on blood sampling with assays being run on plasma or serum.
Given the aforementioned forms that cf-mtDNA can take, different methods for sample processing could easily bias findings to reflect circulating DNA fragments rather than microparticle-derived mtDNA, for example. Centrifugation speeds used in cf-mtDNA studies are, therefore, key to the interpretation of results and future studies should be mindful of which cf-mtDNA components are being captured.
Quantitative polymerase chain reaction (qPCR) is the most commonly utilised cf-mtDNA assay. The test is typically run on plasma samples, separated from whole blood by means of centrifugation. This step removes cells, thus removing potential confounders in the form of intracellular mtDNA. Subsequently, plasma is centrifuged again at "high speed" to pellet cell debris. Importantly, the speed and time of this centrifugation step will determine which sources of cf-mtDNA are retained for analysis. Typically, microparticle and exosome isolation requires centrifugation forces or 20,000×g and 120,000×g, respectively, which is not standard practice in post-injury cf-mtDNA measurements. Therefore, it is likely that mtDNA-containing vesicles contribute to the cf-mtDNA load reported in such studies. However, since mitochondria themselves can vary greatly in size, the extent of extruded mitochondria-derived mDNA captured/ lost during processing of trauma patient blood is entirely unknown.
After centrifugation, sample preparation can involve DNA extraction or be performed directly on plasma DNA extraction typically using a generic commercial kit for DNA purification from blood/tissue/cultured cells, where cells or any other membrane-encapsulated structures are lysed and all DNA in the sample is purified through binding to a positively charged resin such as silica. This process takes approximately 30 min. Alternatively, qPCR can also be done without extraction as outlined by Breitbach et al. [55] , by simply diluting plasma. The value of this is not just cost saving, but also eliminates sample loss of fragmented DNA during extraction. Samples are analysed using a qPCR machine and DNA primers for one or more mitochondrial genes. Results are expressed as concentration in weight/volume or cycle threshold number. A result can typically be obtained within 3 h of sampling. qPCR can be run on any fluid sample to detect cf-mtDNA. Tissue sample detection is principally not as accurate for cf-mtDNA as sample processing will release intracellular mtDNA.
Spectrofluorometry is another method of detecting and quantifying cf-mtDNA. However, this method detects all DNA in the sample regardless of origin. Thus, it is not specific to mtDNA alone. Margraf et al. utilised this method by staining plasma sample DNA with PicoGreen. Cell-free DNA and NETs were visualised and quantified in weight/ volume [56] .
Flow cytometry is a fast, sensitive and specific test for quantifying mitochondria and microparticles. Specific markers for membrane-encapsulated mitochondria can be used in conjunction with cell-permeable mitochondrial stains such as Mitotracker to measure the cell-type origin [22, 57, 58] . For free mitochondria, outer membrane proteins such as TOM20 or TOM70 can be targeted for labelling [22] .
Measurement of NETs has traditionally been achieved through staining of extruded DNA and/or citrullinated histones in conjunction with neutrophil-specific myeloperoxidase or neutrophil elastase and morphological identification using microscopy [52] . However, as a potential clinical biomarker, this is not quantitative, is laborious and is prone to observer bias. A number of studies have described methods for quantitating NETs with flow cytometry using a similar staining approach [59] . A major limitation of NET measurement in either case is the inability to specifically measure mtDNA within the structure (Table 1) .
Mitochondrial DNA: pathways to inflammation
It appears that the inflammatory effects of mtDNA can be beneficial and harmful. Beneficial effects are seen with NET formation to fight invading microbes [53, 60] . In the trauma setting, the observation of high concentrations of cf-mtDNA and its association with multiple organ failure proposes a harmful scenario of mtDNA-induced inflammation [11] . It is understood that mtDNA can induce inflammation via a host of mechanisms. These can be simplified as immune activation via extracellular mtDNA interaction or via intracellular mtDNA interaction.
Intracellular mechanisms of mtDNA inflammation include inflammasome activation and stimulator of interferon gene pathway (STING) activation. These mechanisms have not been demonstrated directly in the trauma setting; however, plausible mechanisms exist based on available scientific research. Shimada et al. discovered mtDNA directly activates NLRP3 inflammasomes [41] . This interaction is first dependent on NLRP3 generation which occurs secondary to interleukin 1beta which has been shown to be elevated in polytrauma patients [41, 61] . This proposes a link between trauma NLRP3 generation, mtdNA activation of NLRP3 inflammasomes and subsequent inflammatory cytokine production.
Another intracellular mechanism of inflammation involving mtDNA is the STING pathway. The STING pathway is a mechanism of innate immunity towards cytosolic DNA that is beneficial in fighting infection [62, 63] . In trauma, however, cytosolic mtDNA can activate this pathway by binding to STING protein on endoplasmic reticulum. Cytosolic mtDNA activates cGAMP synthase resulting in downstream pro-inflammatory interferon secretion [64] . Interestingly, this also results in interleukin 1-beta production [63] . STING activation may then contribute to NLRP3 inflammasome generation, another mechanism of propagation of inflammation. Cf-mtDNA has also been shown to interact with TLR9. This interaction can occur both extracellularly and intracellularly. The basis of TLR activation by mtDNA is the abundance of CpG motifs in mtDNA, a similarity it shares with bacterial DNA. TLR9 is expressed mainly not only within endolysosomes of cells but are also present on the surface of human PMNs [65, 66] . Thus, cf-mtDNA can interact with TLR9 extracellularly and intracellularly when released into the cytosol internally or internalised via microparticle engulfment. TLR9 interaction results in p38 MAPK activation and downstream pro-inflammatory cytokine release and NET formation [1, 16, 17, 51] .
The innate immune response of NET formation has been described above and represents an example of extracellular mtDNA activation of inflammation. NETs formed in trauma have been shown to be predominantly made of mtDNA [50] . Itagaki et al. have shown that this phenomenon is TLR9 dependent [51] .
Clinical relevance and therapeutic targets
The potent pro-inflammatory nature of cf-mtDNA and its crucial role in the initiation phase of post-injury inflammation makes it an attractive therapeutic target. Efforts to decrease the initial tissue injury and shock-associated cell necrosis-driven cf-mtDNA release and sustained circulatory presence are seemingly obvious strategies. It is unknown how much cf-mtDNA is required to drive the essential and protective inflammatory response, which is required for the survival of the individual and recovery from injuries. A more attractive strategy is to modify secondary and mainly active mechanisms of cf-mtDNA release, especially in response to surgical interventions and other therapeutic events. Since many of these non-lifesaving secondary interventions can be planned and optimally timed, this approach presents a potential avenue towards precision medicine in tailoring definitive care to the needs of the injured individual.
Reducing cf-mtDNA is a promising avenue to prevent development of inflammatory complications of trauma. Traditional practice of debridement of necrotic tissue after trauma fits in with this thinking. Removal of necrotic tissue with its released cf-mtDNA reduces the total volume of cfmtDNA that can enter circulation and interact with immune cells. However, this is not true for all surgical procedures and the nature of the surgery/procedure will likely determine the overall effect on cf-mtDNA release. As we know, procedures such as intramedullary nail fixation of long bone fractures are associated with higher cf-mtDNA concentrations and inflammatory cytokine release [67, 68] . This is seen as a second inflammatory hit following injury as the patient is subject to additional trauma in the form of intramedullary reaming. In other words, amputation of a mangled extremity is more likely to reduce cf-mtDNA while salvage and fixation is more likely to increase cf-mtDNA concentrations. Understanding the inflammatory repercussions of these interventions will help post-operative management.
There are also therapies aimed at reducing the harmful inflammatory effects of mtDNA. Several animal models have been utilised to study these therapies but clinical trials are lacking. Current strategies include therapies to reduce cfmtDNA release, breakdown of released mtDNA and blocking of mtDNA binding receptors.
Yang et al. studied the effects of Endo III and Endonuclease III on mtDNA in a rat model of myocardial infarction. Endonuclease III is an enzyme that digests DNA while Endo III is a protein that facilitates the delivery of Endonuclease III into intracellular mitochondria. Their experiments found protective effects of the Endo III/Endonuclease III combination. A reduction of cf-mtDNA and reduction of myocardial infarct size were observed. This protective effect was found to be augmented by concomitant administration of Dnase I to digest circulating cf-mtDNA [31] .
Dnase I is a pancreatic enzyme that is present in circulation under physiologic conditions and digests DNA [69] . Ming et al. observed a temporary rise in plasma Dnase I concentration on admission in polytrauma patients. The concentration normalised within 24 h [70] . Circulating cfmtDNA is digested by Dnase I though only in vitro studies are available to prove this concept [38, 70] . Two studies have shown in vitro PMN activation by mtDNA with subsequent reduced activation by co-incubation with Dnase I [38, 70] . Intravenous administration is hypothesised to result in reduction of plasma cf-mtDNA while local administration of Dnase I to sites of injury at times of surgery (i.e fracture fixation) is hypothesised to reduce the volume of cf-mtDNA that reaches circulation.
With knowledge that ROS damage mitochondria and contribute to cf-mtDNA release, mitochondrial ROS-scavenging agents have been designed. Agents like MitoQ10 and Mito-VitE reduce ROS production [71] . Interestingly, Metformin has been shown to reduce ROS production in platelet concentrates. Metformin treatment of platelet concentrates reduced mtDNA release and protected platelet mitochondria from damage by ROS. The protective effect of Metformin is, however, lost if high concentrations of Metformin are used. High concentrations of Metformin stimulated platelet apoptosis with a resultant increase in mtDNA release [72] .
Secondary active release of mtDNA from ROS exposure has been shown to be prevented by Cyclosporine A. Cyclosporine A prevents mitochondrial membrane pore formation and thus prevents release of mtDNA into the cytosol [73] . An area of study also exists for the use of monoclonal antibodies to manage sterile inflammation. Garcia-Martinez et al. and Zhang et al. developed TLR9 antagonists to block the binding of cf-mtDNA to TLR9. They observed a protective effect of TLR9 against cf-mtDNA-induced inflammation in non-alcoholic steatohepatitis and p38 MAPK activation, respectively [16, 44] . It is unclear how effective each agent will be in managing inflammation after trauma. Clinical trials are required. It is plausible that a combination of multiple agents will have better suppression of cf-mtDNA and overall reduction of inflammatory complications.
Conclusion
Research on cf-mtDNA in trauma is growing but still insufficient to change clinical management. Mitochondria are organelles critical to survival and disruption of their function and integrity leads to inflammation and tissue injury. Cf-mtDNA originates from the abundant mitochondria in cells via complex mechanisms of passive and active release. Multiple harmful effects are implicated from high concentrations of cf-mtDNA and efforts are underway to understand its natural history and relevance to severity of injury. Simultaneous efforts to develop therapeutic agents that neutralise cf-mtDNA are ongoing. Goals of mtDNA research in trauma are to determine validity of cf-mtDNA as a measure of injury severity, predictor of SIRS/MOF and guide to optimal timing of surgical management. The development of therapeutic agents to neutralise the inflammatory effects of cf-mtDNA promises to dramatically augment trauma management.
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